The enzyme phosphatidylglycerolphosphate synthase (PGPS; CDPdiacylglycerol-glycerol-3-phosphate jphosphatidyltransferase; EC 2.7.8.5) catalyzes the committed step in the synthesis of cardiolipin, a phospholipid found predominantly in the mitochondrial inner membrane. To determine whether PGPS is regulated by cross-pathway control, we analyzed PGPS expression under conditions in which the regulation of general phospholipid synthesis could be examined. The addition of inositol resulted in a three-to fivefold reduction in PGPS expression in wild-type ceUls in the presence or absence of exogenous choline. The reduction in enzyme activity in response to inositol was seen in minutes, suggesting that inactivation or degradation of the enzyme plays an important role in inositol-mediated repression of PGPS. In cho2 and opi3 mutants, which are blocked in phosphatidylcholine synthesis, inositol-mediated repression of PGPS did not occur unless choline was added to the media. Three previously identified genes that regulate general phospholipid synthesis, IN02, IN04, and OPII, did not affect PGPS expression. Thus, ino2 and ino4 mutants, which are unable to derepress biosynthetic enzymes involved in general phospholipid synthesis, expressed wild-type levels of PGPS activity under derepressing conditions. PGPS expression in the opil mutant, which exhibits constitutive synthesis of general phospholipid biosynthetic enzymes, was fuUly repressed in the presence of inositol and partiaBy repressed even in the absence of inositol. These results demonstrate for the first time that an enzymatic step in cardiolipin synthesis is coordinately controUled with general phospholipid synthesis but that this control is not mediated by the same genetic regulatory circuit.
Mitochondria are functionally complex, and their biogenesis is subject to multiple regulatory constraints. As mitochondrial membranes are crucial for mitochondrial function and biogenesis, study of these membranes is clearly essential to understanding the organelle as a whole. A potential problem for such studies might lie in the identification of mitochondrion-specific membrane regulation. However, the phospholipid cardiolipin (CL) is found only in the mitochondrial membrane (5, 8, 17) (predominantly in the inner membrane), so that its synthesis can serve as a marker for the study of mitochondrion-specific membrane biogenesis. CL itself plays a unique role in mitochondrial function. Trivedi et al. have shown that cytochrome oxidase activity is dependent upon CL availability: reducing the available CL in mitochondrial membranes either genetically or by the addition of adriamycin (which forms undissociable complexes with CL) results in a concomitant reduction in cytochrome oxidase activity (22, 23) .
It seems likely that mitochrondrial membrane biogenesis is subject to regulation not only by factors that affect general mitochondrial development but also by factors that influence the synthesis of the major membrane components, the phospholipids. In this study we have focused on the interplay between the phospholipid synthesis required for all cell membranes and the phospholipid synthesis specific for the mitochondrion, i.e., CL synthesis.
Eucaryotic phospholipid synthesis is known to proceed via a three-branch pathway from the central intermediate CDP-diglyceride (CDP-DG) (reviewed in reference 13) (see Fig. 1 ). The phospholipid products of the phosphatidylinositol (PI) and phosphatidylcholine (PC) branches are common to all cell membranes, and the biosynthesis of many of * Corresponding author. the enzymes in these two branches is subject to coordinate control by the phospholipid precursors inositol and choline (4, (12) (13) (14) . A variety of regulatory effectors, including at least two positive effectors encoded by the IN02 and IN04 genes and the negative effector encoded by the gene OPIJ, mediate this control (9, 19, 21) . Regulation of the third branch, the CL branch, has not been extensively studied. Early studies indicated that total membrane CL content is dependent upon mitochondrial development: factors such as carbon source, oxygen concentration, and genetic lesions affecting mitochondrial function all affect the observed levels of CL (17) . How these factors affect the CL biosynthetic enzymes is not understood.
In this paper we present evidence that expression of the enzyme phosphatidylglycerolphosphate synthase (PGPS; CDPdiacylglycerol:sn-glycerol-3-phosphate 3-phosphatidyltransferase; CDPdiacylglycerol-glycerol-3-phosphate 3-phosphatidyltransferase; EC 2.7.8.5), which catalyzes the committed step in the CL pathway, is regulated by the precursors inositol and choline in the same manner as are enzymes of the PI and PC branches. However, this process is not mediated by the same genetic regulatory circuit as that which controls the PI and PC branches. These results represent the first demonstration of coordinate control of a CL branch enzyme with the PI and PC branches of phospholipid synthesis.
MATERIALS AND METHODS
Saccharomyces cerevisiae strains. The strains used in this study are listed in Table 1 . All mutant strains have been characterized previously and were generously provided by Susan Henry.
Growth media. Strains were maintained in 15% glycerol at -80°C for long-term storage and on 1% yeast extract-2% (2) with a protein assay kit (BioRad Laboratories) with bovine serum albumin as a standard. PGPS activity was assayed at 30°C by the method of Carman and Belunis (3). Incorporation of 0.5 mM [2-3H]glycerol 3-phosphate (4,000 cpm/nmol) into chloroform-soluble material was measured in the presence of 50 mM morpholineethanesulfonic acid HCl (pH 7.0)-0.1 mM MnCl2-0.2 mM CDP-DG-1 mM Triton X-100 and mitochondrial extract corresponding to 50 ,ug of protein in a total volume of 0.1 ml. The reaction was stopped at 20 min with 0.5 ml of 0.1 N HCl in methanol. Chloroform (1 ml) and 1 M MgCl2 (1 ml) were added. The tubes were vortexed, and the phases were separated by centrifugation for 3 min at low speed; 0.5 ml was transferred from the chloroform layer into a scintillation vial. The chloroform was evaporated, organic counting scintillant (3 ml; Amersham Corp.) was added, and the radioactivity in each sample was determined with an LS-3801 liquid scintillation counter (Beckman Instruments, Inc.).
Triplicate tubes were used for each sample, and a blank tube containing crude extract which was inactivated before the reaction was included for each sample. Specific activities were defined as units per milligram of protein, where 1 U is the amount of enzyme that catalyzes the formation of 1 nmol of product per min at 30°C. Phosphatidylglycerol was identified as the main product of the reaction by thin-layer chromatography with the solvents described by Carman and Belunis (3), indicating that the phosphatidylglycerolphosphate initially synthesized is rapidly dephosphorylated.
RESULTS
Repression of PGPS expression by inositol. Inositol is a key regulatory substance that represses the enzymes of PI and PC synthesis, including inositol-1-phosphate (I-1-P) synthase, CDP-DG synthase, phosphatidylserine synthase, phosphatidylserine decarboxylase, and the methyltransferases (12, 15, 16, 24, 25) (Fig. 1) . If PGPS expression were coordinately controlled with PI and PC synthesis, we would expect PGPS activity to be repressed in cells grown in the presence of inositol. Wild-type cells grown in the presence of _10 ,uM inositol contained decreased amounts of PGPS activity (Fig. 2) . Derepressed PGPS levels were fourfold greater than repressed levels (Fig. 2) .
Dependence of inositol-mediated regulation of PGPS upon the synthesis of PC. Henry and co-workers have shown that inositol repression of PI and PC branch enzymes is dependent upon PC synthesis. Thus, in mutants defective in methyltransferase activity and therefore unable to convert phosphatidylethanolamine (PE) to PC, PI and PC branch enzymes are not fully repressed in the presence of inositol unless choline is also present (15) . One such mutant is cho2, which is blocked in the conversion of PE to phosphatidylmonomethylethanolamine (13) . We measured PGPS activity in mitochondrial extracts of the cho2 mutant to determine whether inositol repression of PGPS is also dependent upon PC synthesis. The kinetics of inositol repression in the wild type and the cho2 mutant are shown in Fig. 3 . Inositol repression of PGPS expression in the wild type was apparent within five min following the addition of inositol in the presence or absence of choline. In the cho2 mutant, inositol repressed PGPS within 5 min only if choline was present in the medium.
To determine whether the choline requirement for inositol-mediated repression is unique to the cho2 mutant or is a MOL. CELL. BIOL. is synthesized from glucose 6-phosphate (Glc-6-P) and utilized with CDP-DG in the synthesis of PI. The committed step in PC synthesis is the conversion of CDP-DG and serine (S) to phosphatidylserine (PS), which is decarboxylated to PE. PE is thrice methylated to form PC. The committed step in CL synthesis is the conversion of CDP-DG and glycerol 3-phosphate (G-3-P) to phosphatidylglycerolphosphate (PGP), which is dephosphorylated to phosphatidylglycerol (PG). CDP-DG is a substrate in the conversion of PG to CL. inol, chol, cho2, and opi3 mutants have been characterized previously (1, 6, 10, 12, 15) . PSD, Phosphatidylserine decarboxylase; PMME, phosphatidylmonomethylethanolamine; PDME, phosphatidylmethylethanolamine.
property of cells blocked in the PC pathway, we measured PGPS levels in the opi3 mutant, which is blocked in the second and third methylation steps of the PC pathway (10) . Figure 4 shows PGPS levels in opi34 cells grown in the presence or absence of inositol and choline. We have observed that opi3 cultures grown in the absence of choline segregate increasing numbers of petite colonies as the cultures approach the stationary phase. Therefore, in the experiment shown in Fig. 4 , great care was taken to ensure that experimental cultures were inoculated from very-lowdensity overnight cultures and harvested at the early to mid-log phase. The results of this experiment indicate that PGPS levels in the opi34 mutant are not fully repressed by 75 ,uM inositol unless choline is added to the medium. A strain bearing the opi3-3 allele exhibited the same pattern (data not shown).
Lack of dependence of PGPS expression upon the synthesis of inositol. The experiments shown in Fig. 3 the inositol biosynthetic pathway might also affect PGPS expression. The first step in inositol biosynthesis is the conversion of glucose 6-phosphate to I-1-P (Fig. 1) . This reaction is catalyzed by I-1-P synthase, the product of the gene INOJ (13) . Transcription of the INO1 gene is derepressed in medium lacking inositol and repressed in the presence of 50 ,uM inositol (15) . Inositol at 10 ,uM is sufficient to allow the growth of auxotrophs and elicits only partial derepression of the INOI gene (15) . We measured PGPS expression in inol mutant cells grown in medium containing 10 or 75 ,uM inositol. PGPS expression in the inol mutant was similar to that seen in the wild type and is therefore unaffected by a block in the inositol pathway (Fig.  5) .
Derepression of PGPS expression in the positive regulatory mutants ino2 and ino4. The IN02 and IN04 genes encode positive regulatory effectors of the PI and PC branches of phospholipid synthesis (21) . These genes are required for the derepression of a variety of phospholipid biosynthetic genes, including INO1, CHO], CH02, and OPI3, in the absence of inositol (1, 15, 21) . Since PGPS expression is controlled by inositol in a manner similar to that of the other enzymes of phospholipid synthesis, we sought to determine whether PGPS is also subject to IN02 and IN04 control. PGPS expression was measured in the ino2 mutant strain itl7 grown in repressing or derepressing concentrations of inositol. (Since the ino2 mutant cannot grow in inositol-free medium, 10 ,uM inositol was used for derepressing conditions.) This experiment (Fig. 6 ) (and similar experiments not shown here with strain it8) had two very striking results. First, the IN02 gene did not affect the capacity to make PGPS, as wild-type levels of derepressed PGPS expression were observed in medium lacking choline in the ino2 mutant. Second, although 10 ,uM inositol completely repressed wildtype PGPS expression, concentrations as high as 75 ,uM inositol did not completely repress PGPS expression in the ino2 mutant unless choline was present.
Similar results were observed with the ino4 mutant (Fig.  6 ). However, we noted differences between the ino4 strains it3 and it20 with respect to PGPS expression in medium containing 10 ,uM inositol and 1 mM choline. In it3, PGPS VOL. 8, 1988 on expression was repressed in this medium (Fig. 6) , while in strain it2O, PGPS expression was derepressed (data not shown). This result can most likely be explained by slight differences between the two ino4 strains in the concentration of inositol which is required for PGPS repression.
Nonconstitutive PGPS expression in the opil mutant. The OPIJ gene is a negative regulatory gene which mediates the repression of PI and PC branch enzymes (including I-1-P synthase, phosphatidylserine synthase, and the methyltransferases) in the presence of inositol (9, 19) . In the opil mutant, these enzymes are constitutively expressed, although the levels of expression of the different enzymes vary (19) . To determine whether PGPS is subject to OPIl control, we grew the opil mutant in the presence and absence of inositol and measured PGPS activity in opil and wild-type cells. The results of these experiments (Fig. 7) PGPS activity in the wild-type strain (Fig. 2) . This concentration is consistent with inositol concentrations which repress the PI and PC branch enzymes. Similar differences between repressed and derepressed levels are commonly observed for yeast biosynthetic enzymes. In the wild type, the difference between repressed and derepressed levels is greater in media containing choline.
That inositol repression requires PC synthesis is demonstrated by the fact that PGPS activity in mutants blocked in the ability to methylate PE is not repressed by inositol unless choline is also present (Fig. 3 and 4) , similar to the nature of inositol repression reported for PI and PC branch enzymes (15) .
Particularly intriguing is the speed with which inositol acts as a repressor of PGPS (Fig. 3) . A drop in specific activity is observed within minutes of inositol addition and is therefore too rapid an effect to be explained by repression of enzyme synthesis alone. This rapid effect is more likely the result of inactivation and/or degradation of the enzyme and can thus be compared to glucose-triggered catabolite inactivation, which affects enzymes of gluconeogensis and the glyoxylate cycle, among others (reviewed in reference 18). The kinetics of PGPS repression by inositol differ significantly from those observed by Culbertson et al. (7) for repression of I-1-P synthase, the INOI gene product (Fig. 1) . No decrease in I-1-P synthase activity was observed until 1 h after the addition of inositol, and the much more dramatic 50-fold repression of I-1-P synthase activity was not fully apparent until 10 h after inositol addition. Thus, although both enzymes are repressed by inositol, it appears that the mechanisms of repression are markedly different. Further analysis of the roles of transcription and protein modification in the regulation of POPS expression will follow from a molecular analysis of the cloned gene encoding PGPS, and this avenue of investigation is currently in progress.
Another striking difference between PGPS regulation and the regulation of PI and PC branch enzymes is that the regulatory effectors of the latter branches do not affect PGPS control. The ino2 and ino4 mutants are fully capable of PGPS derepression in 10 ,uM inositol ( inositol auxotrophs). In addition, the opil negative regulatory mutant, which is constitutive for PI and PC branch enzymes, exhibits fully repressed PGPS levels in medium containing inositol (Fig. 7) (Fig. 5) . Thus, the effects of ino2 and ino4 mutations on PGPS expression are very likely indirect: progress through the PC pathway, which is under the direct control of ino2 and ino4, is deficient, and this deficiency is sensed by some as-yet-unidentified mediator(s) of PGPS regulation.
These observations suggest that while PI and PC branch enzyme activity must be balanced with PGPS activity for mitochondrial membrane (20) , are regulated in a similar manner. This is not the case, however, since phosphatidylserine decarboxylase expression, unlike PGPS expression, is constitutive in the opil mutant (S. Henry, personal communication). An alternative hypothesis is that enzymes that synthesize phospholipid products which are found only in the mitochondrion are subject to a common genetic control system. While there is no evidence for the subcellular localization of phosphatidylglycerolphosphate and phosphatidylglycerol, it has been demonstrated that CL occurs predominantly in the mitochondrial inner membrane (8, 17) . If this hypothesis is correct, then we might expect that the enzymes catalyzing the second and.third steps of the CL pathway (phosphatidylglycerolphosphate phosphatase and CL synthase) are coordinately controlled with PGPS. Analysis of the regulation of these enzymes is currently in progress.
